Introduction {#s1}
============

Adaptive behaviour in a changing environment requires that we have to learn and update associations between unconditioned rewards and punishments, and the sensory stimuli that predict them. This form of associative learning is called classical or Pavlovian conditioning ([@bib43]). The Pavlovian paradigm has been used widely to investigate the role of midbrain dopamine (DA) neurons in associative learning ([@bib53]). Much evidence indicates that the activity of DA neurons in the substantia nigra pars compacta (SNc) makes a key contribution in associative learning, in part, by encoding reward prediction errors. A reward prediction error is a scalar signal that signifies a current event is better or worse than predicted.

In a series of pioneering experiments Schultz and colleagues ([@bib50], [@bib51]; [@bib34]) showed that DA responses to an unpredicted reward (unconditioned stimulus; UCS), gradually transferred to an unexpected predicting conditioned stimulus (CS). If a predicting CS was presented but subsequent reward delivery was withheld, DA neurons would pause briefly at the expected time of reward delivery ([@bib51]). These bidirectional sensory responses of DA neurons to events that were better or worse than expected led to the formulation of the reward prediction error hypothesis of DA signaling ([@bib37]; [@bib53]). Subsequent experiments have confirmed that phasic DA responses are sensitive to reward magnitude ([@bib59]), reward probability ([@bib12]; [@bib38]; [@bib28]) and reward delay ([@bib20]; [@bib10]).

It has been shown that short latency phasic responses can be elicited in DA neurons by unexpected rewards ([@bib53]; [@bib13]) or conditioned stimuli that predict future reward ([@bib28], [@bib26]; [@bib9]). A critical feature of these early experiments was that the latency of sensory (usually visually) elicited DA responses was typically 100 ms or less following stimulus onset. This raised the question of by which route(s) is the visual information for reward expectation relayed to DA neurons in the ventral midbrain ([@bib48]). In a series of investigations, a novel projection from the subcortical midbrain superior colliculus (SC) directly to the midbrain DA neurons was demonstrated in rat ([@bib5]), cat ([@bib31]) and monkey ([@bib30]). The SC is an evolutionary archaic visual structure in the vertebrate brain that receives direct input from retinal ganglion cells ([@bib44]), and is especially sensitive to unexpected luminance changes ([@bib3]). A later study ([@bib8]) confirmed that the retino-tecto-nigral projections were involved in the short-latency phasic activation and release of DA in the basal ganglia following a transient light-flash. However, this investigation was conducted in anaesthetized rodents, and it remains to be determined whether the SC can play a critical role in the short-latency CS-elicited activation of DA neurons and conditioned responses in awake behaving non-human primates.

During the evolutionary expansion of the cerebral cortex, the relative importance of the geniculo-striate projection to primary visual cortex (V1) for visual perception increased ([@bib25]). This development offered a further potential route via V1, by which visual information for reward expectation might be relayed to ventral midbrain DA neurons. Therefore, the specific purpose of the present study was to investigate whether the subcortical visual pathway via the SC can mediate the afferent visual CS signal in the Pavlovian conditioning paradigm and activate DA neurons at short-latency in primates. To do this, we used monkeys that had a unilateral lesion of cortical area, V1. This preparation in which primary cortical visual processing was disabled was used to isolate the contribution of the SC that remained intact on the V1 lesioned side. After V1 damage, visual awareness is impaired in the lesion-affected visual field ([@bib6]; [@bib63]). However, from both human ([@bib46]) and animal studies ([@bib6]; [@bib63]) it is known that a transient visual stimulus presented in the lesion-affected visual field can trigger a range of behavioural responses, in the apparent absence of subjective awareness. This phenomenon has been called 'blindsight', where many of the residual visual competences are thought to be mediated by the SC ([@bib36]). Consequently, we have made use of animals that were used previously to characterize the phenomenon of 'blindsight'; they have abilities to make saccadic eye movements to a visual target presented in the lesion-affected visual field ([@bib64]), despite their awareness to the visual target was impaired like human blindsight patient ([@bib63]). This animal model enabled us to test whether the intact subcortical visual circuitry in this preparation can support visual Pavlovian conditioning and short-latency activation of DA neurons ([@bib53]).

The purpose of this study was, therefore, to test whether unilaterally V1-lesioned monkeys could associate reward-predicting visual cues with subsequent reward (Pavlovian conditioning), and whether visual CSs could activate midbrain DA neurons. To verify the role of subcortical visual processing, neural activity in the SC was suppressed with local injections of a pharmacological agent.

Results {#s2}
=======

V1 lesion {#s2-1}
---------

The right V1 of monkey K and U, and left V1 of monkey T was surgically removed by aspiration, 46, 44 and 6 months before the present experiments, respectively. The lesion area was confirmed by MR images and the range of the lesion-affected visual field was confirmed by increased threshold for detecting saccadic targets at the beginning of the present experiments ([Figure 1A](#fig1){ref-type="fig"}, [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}). We presented targets at possible positions which covered the whole contralesional visual field (monkey K; 3 directions × 3 eccentricities, monkey U; 5 directions × 4 eccentricities, monkey U; 5 directions × 3 eccentricities) and luminance contrast sensitivity of all targets to induce saccadic eye movements clearly decreased in affected visual field ([Figure 1---figure supplement 1C](#fig1s1){ref-type="fig"}). The visual deficits caused by these lesions was similar to the animals which were reported previously ([@bib64]). These results indicated that the V1 lesion affected most of the contralesional visual field, at least from 5° to 15° eccentricities. Visual input pathways from retina can be classified into two major pathways; one is cortical pathways via LGN and V1, the other is subcortical pathways via the SC. The monkeys with unilateral V1 lesion were used to investigate abilities of the subcortical visual pathways through the SC ([@bib36]; [@bib19]; [@bib57]). In this study, the V1 lesion allowed us to assess contribution of visual information via the SC to support visual classical conditioning and to evoke phasic DA responses following the presentation of conditioned stimuli.10.7554/eLife.24459.003Figure 1.Pavlovian conditioning in V1 lesioned monkeys.(**A**) Left: lesion area (depicted in gray) on the whole brain image. Red lines (1 - 3) indicate dorso-ventral levels of horizontal slices shown on the right. Right: lesion area in monkey K (depicted in gray) is overlaid as black areas on axial slices traced from MR images. (**B**) Design of Pavlovian conditioning task in this study. Monkeys were required to fixate a central fixation point (FP) until CS offset. LR (large reward) and SR (small reward) trials were given at random order. In this task, LR was delivered during CS presentation, and SR was delivered after 1.5 s from CS offset. Abbreviations; RW (reward). (**C**) Licking rates aligned at the CS onset (monkey K). CSs were presented to intact visual field (left panel) and to lesion-affected visual field (right panel). Red and blue lines indicate licking rates during LR and SR trials, respectively. Gray hatched area indicates CS presentation period. Red and blue vertical dashed lines indicate time of reward delivery in the LR and SR trials, respectively. (**D**) Licking rates during CS presentation were compared between LR and SR trials in monkey K (left) and U (right). The CSs were presented either to the intact (int, blue lines) or lesion-affected (aff, red lines) hemifield. \* = significant difference (monkey K: p=6.1 × 10^−5^ (aff), p=4.3 × 10^−4^ (int), monkey U: p=4.3 × 10^−4^ (aff), p=1.2 × 10^−4^ (int), Wilcoxon signed-ranks test, α \<0.05). (**E**) Licking rates during CS presentation were compared between CS presented to lesion-affected and that to intact visual field in monkey K (left) and U (right). There was no significant difference in the licking rates both in LR and SR trials. monkey K: p=0.33 (LR), p=0.63 (SL), monkey U: p=0.16 (LR), p=0.084 (SL), two sample t-test with Welch's correction, α \<0.05). (**F**) Reversal learning; the effect of switching the CS assignment on licking rates in the intact and affected fields in monkey K. Licking rates during CS presentation to upper (magenta) or lower (green) visual field were plotted for individual days. CS positions were switched on the day indicated by the vertical red dashed lines.**DOI:** [http://dx.doi.org/10.7554/eLife.24459.003](10.7554/eLife.24459.003)10.7554/eLife.24459.004Figure 1---figure supplement 1.Unilateral V1 lesion.(**A**) Locations of the V1 are shown as red area on the horizontal section traces of monkey K. (**B**) Traces of horizontal sections of the three monkeys\' brain from their MR images. Their lesion areas are indicated by gray areas on the traces. Right V1 was lesioned in monkey K and U, whereas left V1 was lesioned in monkey T. (**C**) Deficit maps for the three monkeys (K, U and T). Thresholds for detecting luminance contrast (Michelson contrast) are plotted over the whole visual field in each monkey with unilateral V1 lesion. The thresholds at individual target positions are displayed with a gray scale. Their sensitivity to luminance contrast was clearly reduced in the lesion-affected visual field.**DOI:** [http://dx.doi.org/10.7554/eLife.24459.004](10.7554/eLife.24459.004)10.7554/eLife.24459.005Figure 1---figure supplement 2.Pavlovian conditioning in monkey U.Monkey U also provided a confirmatory dataset in the Pavlovian conditioning task. Arrangement of these figures was the same as [Figure 1C and F](#fig1){ref-type="fig"}. (**A**) Licking rates aligned at the CS onset (monkey U). CSs were presented to intact visual field (left panel) and to lesion-affected visual field (right panel). Red and blue lines indicate licking rates during LR and SR trials, respectively. Gray hatched area indicates CS presentation period. Red and blue vertical dashed lines indicate time of reward delivery in the LR and SR trials, respectively. (**B**) Reversal learning; the effect of switching the CS assignment on licking rates in the intact and affected fields in monkey U. Licking rates during CS presentation to upper (magenta) or lower (green) visual field were plotted for individual days. CS positions were switched on the day indicated by the vertical red dashed lines.**DOI:** [http://dx.doi.org/10.7554/eLife.24459.005](10.7554/eLife.24459.005)

Pavlovian conditioning {#s2-2}
----------------------

As a first step we investigated whether monkeys K and U, both with unilateral lesions of V1, could learn the association between a visual CS and subsequent reward when the CS was presented in the lesion-affected 'blind' field ([Figure 1A](#fig1){ref-type="fig"}). In this part of the study we presented two visual CSs; one predicted a large reward (LR = 0.17 ml) delivered during the CS presentation (1.3 s from CS onset), whereas the other predicted a small reward (SR = 0.06 ml) delivered 1.5 s after the CS offset. The two CSs could be discriminated by their location relative to central fixation point (upper or lower visual field, [Figure 1B](#fig1){ref-type="fig"}). On separate days the CSs were presented to the lesion-affected or intact visual fields.

After 12 days of having the CSs predict juice delivery (approximately 200 trials/day), conditioned anticipatory licking was induced by both LR-CS and SR-CS ([Figure 1C](#fig1){ref-type="fig"}, [Figure 1---figure supplement 2A](#fig1s2){ref-type="fig"}). The conditioned licking rate during the CS presentation was significantly higher in LR trials than in SR trials (15 sessions in monkey K and 16 sessions in monkey U, [Figure 1D](#fig1){ref-type="fig"}, α \<0.05, Wilcoxon signed-ranks test). In addition, the conditioned responses elicited by CSs presented to either the intact or lesion-affected visual fields were not reliably different ([Figure 1E](#fig1){ref-type="fig"}), (**α** \<0.05, two sample t-test with Welch's correction). These results show that a visual cue presented in the V1 lesion-affected hemi-field can act as an effective CS in a Pavlovian conditioning task. Moreover, the monkeys were able to discriminate successfully between the difference in the magnitude and timing of reward predicted by CSs according to where they were presented in the lesion-affected hemi-field.

Reversal learning {#s2-3}
-----------------

To test the flexibility of associative learning and to exclude the possibility that the discriminability of the LR- and SR-CSs was simply determined by their respective locations, the upper and lower positions on the screen where the LR-CS and SR-CS appeared were switched ([Figure 1F](#fig1){ref-type="fig"}, [Figure 1---figure supplement 2B](#fig1s2){ref-type="fig"}). After the switching, the high conditioned licking rate gradually changed to follow the new LR-CS, again irrespective of whether the CSs were presented in both intact and lesion-affected visual fields ([Figure 1F](#fig1){ref-type="fig"}). After the successful reversal, the LR- and SR-CSs were switched back to their original assignment. At which point the conditioned responses switched back to follow the newly assigned LR-CS. These results indicate that monkeys can flexibly associate the locations of the visual CSs and the reward predicted by them even without V1.

Muscimol injection {#s2-4}
------------------

To investigate whether visual processing in the SC was responsible for the expression of visually-evoked conditioned responses when the CSs were presented to the V1 lesion affected side, the GABA agonist muscimol (0.5 μL; 1 μg/μL concentration at a rate of 1 μL/15 s) was injected into the ipsi-lesional SC of monkeys K and T. Thus, before the muscimol injection, neural activity of the SC was recorded, and the location of neurons responsive to LR-CS was identified on SCs retinotopic map. Muscimol was then injected into this location ([Figure 2A](#fig2){ref-type="fig"}). The suppressive effect of the muscimol injection was confirmed by showing that the monkey failed to make saccades to the LR-CS location as previously shown for the blindsight monkeys by [@bib19] ([Figure 2B](#fig2){ref-type="fig"}; see disappearance of saccades to the left-upward target).10.7554/eLife.24459.006Figure 2.Effect of SC inactivation on conditioned behaviors.(**A**) A scheme of the SC inactivation experiments. Muscimol was injected into the point on the ipsi-lesional SC map representing the location of LR-CS in the visual field. (**B**) End points of saccadic eye movements before and after the SC inactivation (left and right panel). The position of central fixation point is indicated by a blue cross. Circles indicate end points of visually guided saccades, and their colors indicate location of saccadic targets in individual quadrants. Impairment of saccades toward the upper-left target (green) indicates that muscimol effectively suppressed the neuronal activity at the injection site. (**C**) Licking rates in a daily session before (left panel) and after SC inactivation (right panel) in monkey T. The licking rates are plotted in the same manner as [Figure 1C](#fig1){ref-type="fig"}. Red and blue lines indicate the licking rates during the LR and SR trials, respectively. Gray hatched area indicates the CS presentation period. (**D**) Licking rate during 0.7 s from the CS onset in the SR trials are subtracted from licking rate in LR trials in monkey K (blue line, N = 9) and T (red line, N = 4). The vertical lines indicate the SEM. Bef.: before inactivation, Dur: during inactivation. (p=2.4 × 10^−4^, Wilcoxon signed-ranks test, α \<0.05).**DOI:** [http://dx.doi.org/10.7554/eLife.24459.006](10.7554/eLife.24459.006)10.7554/eLife.24459.007Figure 2---figure supplement 1.Effect of SC inactivation on conditioned behavior in monkey K.Licking rates in a daily session before (left panel) and after SC inactivation (right panel) in monkey K. Monkey K also provided a confirmatory dataset in the Pavlovian conditioning task before (left panel) and during (right panel) the SC inactivation. Arrangement of these figures was the same as [Figure 2C](#fig2){ref-type="fig"}. Red and blue lines indicate the licking rates during the LR and SR trials, respectively. Gray hatched area indicates the CS presentation period.**DOI:** [http://dx.doi.org/10.7554/eLife.24459.007](10.7554/eLife.24459.007)

Also, before the muscimol injection, anticipatory licking evoked by the LR-CS presentation (0--0.7 or 1.3 ms) served as a baseline control in our Pavlovian conditioning task ([Figure 2C](#fig2){ref-type="fig"} left). Immediately following the muscimol injection the monkeys continued to perform the LR-CS evoked conditioned anticipatory licking. However, over the next 20--30 min the normal conditioned response (anticipatory licking) gradually disappeared ([Figure 2C](#fig2){ref-type="fig"} right). At which point, two new patterns of behaviour were observed: (i) in the case of monkey T ([Figure 2C](#fig2){ref-type="fig"} right), all anticipatory response was abolished and licking appeared only after the juice reward was delivered; and (ii) for monkey K anticipatory licking was evoked shortly after the onset of both the LR-CS and SR-CS ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}. In other words, the animal's ability to discriminate between the CSs on the basis of position within the visual field was lost.

Muscimol injections were administered in 13 experiments (monkey K: 9 experiments, monkey T: 4 experiments). To assess the effect of the SC inactivation the difference between the licking rate during CS presentation was compared for LR and SR trials. Before the SC inactivation (control), monkeys licked a reward spout more frequently during CS period in LR trials than in SR trials in all sessions. The difference of the licking rate between in LR trials and in SR trials was diminished after SC inactivation (Wilcoxon signed-ranks test; p\<0.001). During the SC inactivation, the difference of licking rate was not significantly different from zero (one-sample t-test; p\>0.005). The results were consistent in all sessions of both monkeys ([Figure 2D](#fig2){ref-type="fig"}).

These results indicate that the visual processing signifying CS onset by the SC on the V1 lesion-affected side was essential for a previously established conditioned response to be expressed in our Pavlovian conditioning task.

Responses of DA neurons to visual conditioned stimuli {#s2-5}
-----------------------------------------------------

It has been reported widely that dopamine neurons are phasically activated by unpredicted conditioned stimuli in Pavlovian tasks ([@bib53]). The purpose of the next phase of our study was, therefore, to investigate whether a visual CS presented to the V1 lesion-affected visual field had the capacity to evoke a phasic response in ipsilateral DA neurons in the current Pavlovian conditioning task. Monkeys K and T were used for these experiments.

Neurons conforming to the electrophysiological criteria established for identifying putative DA neurons were recorded in the ventral midbrain. The neurons included in our sample therefore had low baseline firing rates (\<10 Hz), and broad spike-widths (\>0.45 ms between the first negative peak and next positive peak) ([Figure 3B,C](#fig3){ref-type="fig"}). The location of recorded neurons was later confirmed by identifying the site of small lesions made at some of the recording sites in tissue immunostained for tyrosine hydroxylase ([Figure 3D](#fig3){ref-type="fig"}).10.7554/eLife.24459.008Figure 3.DA neuron responses during Pavlovian conditioning task.(**A**) Schematic drawing of the experimental design for recording DA neuron activity in the monkey with unilateral V1 lesion. (**B**) Averaged spike waveforms of a presumed DA neuron in SNc and a non-DA neuron in the SNr. Amplitude of these spikes are normalized. Spike width was defined as the time between the first negative peak and second positive peak. (**C**) Histogram of the spike width. Red bars indicate the DA neurons and blue bars indicates the SNr neurons. (**D**) Left; a low magnification view of the SNc and surrounding structures stained with anti-TH immunohistochemistry. Scale bar = 5.0 mm. Right; a high magnification view of the area indicated by a blue square. Red arrows indicate locations of electrolytic markings. Scale bar = 2.0 mm. (**E**) Time course of the Pavlovian conditioning task (the same as [Figure 1B](#fig1){ref-type="fig"}). (**F**) A typical DA neuron activity in V1 lesioned monkeys. Raster plots of a DA neuron from LR (red) and SR (blue) trials were sorted and shown on the top, receptively. The first trial was plotted at the bottom of the raster plot and the last trial was plotted at the top. Red and blue lines indicate average firing rates during LR and SR trials, respectively. These plots were aligned at the FP onset, CS onset, and RW delivery (left, middle and right panels, respectively). (**G**) Responses of all recorded DA neurons to FP, CS and RW (left, middle and right panels) are superimposed. A thick red line in each panel is the averaged firing rate of DA neurons in LR trials, and a thick blue line is the averaged firing rate in SR trials. Thin lines behind the averaged lines are the averaged responses of individual neurons in LR trials (red) and in SR trials (blue), respectively. (**H**) Firing rates of individual DA neurons within the time windows (100--300 ms from FP and CS or 150--350 ms from RW; left, middle and right panels). Blue lines indicate the average of all the neurons and SD of the firing rate in LR trials and in SR trials. \* = significant difference (N = 24, p=0.82 (FP), p=1.1 × 10^−7^ (CS), p=0.27 (RW), Wilcoxon signed-ranks test, α \<0.05). (**I**) The yellow background in the figures shows the period during which the responses to LR-CS and SR-CS were significantly different more than 15 ms (N = 24 in affected, N = 16 in intact, two-sided sign test, α \<0.05). The two panels show averaged DA responses to CSs presented to the lesion-affected visual field (upper panel), and to the visual field (lower panel). Arrows under each figure indicate the earliest points where the LR and SR responses can be reliably discriminated for more than 50 ms (122 ms in the lesion-affected visual field, and 112 ms in intact visual field).**DOI:** [http://dx.doi.org/10.7554/eLife.24459.008](10.7554/eLife.24459.008)10.7554/eLife.24459.009Figure 3---figure supplement 1.Comparing DA responses to CSs in lesion-affected and intact visual field.These figures show firing rate of DA response to CS presented into lesion-affected and into intact visual field. Responses to LR-CS were compaired in A, and to SR-CS were in B. Time windows size to calicurate the firing rate was 100--300 ms from CS onset. In both cases, there are no significant difference (N = 16, p=0.958 (LR-CS), p=0.796 (SR-CS), one sample t-test, α \<0.05).**DOI:** [http://dx.doi.org/10.7554/eLife.24459.009](10.7554/eLife.24459.009)

Typical responses of putative DA neurons in our Pavlovian task are shown for a single case ([Figure 3F](#fig3){ref-type="fig"}), and for the population of recorded neurons (n = 24) ([Figure 3G](#fig3){ref-type="fig"}). First, because of its task-relevance and unpredictability, putative DA neurons were activated robustly by the onset of the fixation point. However, this response was similar in LR trials and SR trials (left-hand panels of [Figure 3F and G](#fig3){ref-type="fig"}) because at the time the fixation point was presented the magnitude and timing of reward predicted by the upcoming CS was unknown. Subsequently, when the temporally uncertain CSs were presented, a clear difference in the putative dopamine response was evident between the LR and SR trials -- a reliably larger response was evoked by the LR-CS (central panels of [Figure 3F and G](#fig3){ref-type="fig"}). In this case, responses to predicted presentations of the juice reward were unreliable and significantly weaker than responses evoked either by the FP or CSs (right-hand panels of [Figure 3F and G](#fig3){ref-type="fig"}).

Confirmation of the above findings for the population of DA neurons (n = 24) is illustrated in [Figure 3H](#fig3){ref-type="fig"}. In these figures, firing rate of these responses in a selected time window (FP, CS: 0.1 s -- 0.3 s from the onset, RW: 0.15 s -- 0.35 s from the delivery) was compared between the LR and SR trials. The left-hand panel shows that there was no reliable difference between the putative dopamine responses evoked by FP presentation in LR and SR trials (Wilcoxon signed-ranks test). However, the LR-CS elicited a significantly larger responses compared with those evoked by the SR-CS (central panel [Figure 3H](#fig3){ref-type="fig"}). These responses were not strongly affected by the V1 lesion. Firing rate of the responses to CSs presented into lesion affected and intact visual fields were not significantly different ([Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}). Finally, there were no reliable differences in the responses evoked by the onset of the predicted LR or SR (right-hand panel [Figure 3H](#fig3){ref-type="fig"}).

The overall mean response latency was 107 ms while the latencies of the individual neurons were distributed between 60 to 160 ms after the LR-CS onset (latency = the time when the neural response rate exceeded 2SD of their baseline activity). We calculated the earliest time points when difference between responses to LR-CS and SR-CS was observed. The earliest time points when response differentiation lasting more than 15 ms started was 122 ms from the CS onset in lesion-affected visual field, and 112 ms in intact visual field ([Figure 3I](#fig3){ref-type="fig"}). This result indicates that the latency of the reward discrimination by DA neurons was minimally affected by the absence of V1.

These results showed in the absence of V1, that temporally unpredicted visual CSs were able to elicit typical short latency and short duration phasic responses in ventral midbrain neurons, presumed to be dopaminergic. These neurons could discriminate the LR-CS and SR-CS, based on the location of their presentation within the lesion-affected visual field. These results indicate that the residual early visual structures (most likely the midbrain SC) retained the capacity to evoke differential phasic DA responses informed by the reward expected from CS. The final phase of our study sought to test the contribution of the SC.

CS evoked responses during SC inactivation {#s2-6}
------------------------------------------

To test whether the transmission of visual signals via the SC was responsible for CS-evoked phasic DA responses, muscimol was injected into the ipsi-lesional SC ([Figure 4E](#fig4){ref-type="fig"}). Thus, after the collection of control data on visually guided saccadic task and on Pavlovian conditioning task, baseline records of the responses of the DA neurons to the presentation of the fixation point, CS and reward were recorded. When all was done, muscimol was injected into the appropriate location of the SC (see above) and DA responses to the same sensory events were reassessed. Thus, the activity of a single DA neuron was recorded both before and after the muscimol injection. To ensure that the same recorded neuron was maintained throughout the session (that is, for approximately 1.5 hr), its waveform was carefully monitored. Only when the DA waveforms remained constant before, after muscimol injection were the data included in our sample ([Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}).10.7554/eLife.24459.010Figure 4.Effect of SC inactivation on cue-responses in DA neurons.(**A**) Activity of DA neurons before SC inactivation. Raster plots and firing rates plotted in the same manner as [Figure 3F](#fig3){ref-type="fig"}. These plots were aligned at FP onset, at CS onset, and at RW delivery (left, middle and right panels, respectively). (**B**) Activity of DA neurons during SC inactivation After the SC inactivation, the responses to the FP were unchanged (left), those to the LR-CS (middle) disappeared and those to RW (right) increased. (**C**) Population average of DA neuron responses (N = 5) in LR trials before (green) and during SC inactivation (magenta). These activities were aligned at FP onset, at CS onset and at RW delivery, respectively (left, middle and right panels). (**D**) Firing rates of DA neurons in LR trials within different time windows (100--300 ms from FP and CS or 150--350 ms from RW; left, middle and right panels, respectively) before and during SC inactivation. These time windows are the same as those in [Figure 3H](#fig3){ref-type="fig"}. \* = significant difference (N = 5, p=0.067 (FP), p=0.0025 (CS), p=0.043 (RW), one sample t-test, **α** \<0.05). (**E**) A schematic drawing of the experimental setup for the DA neuron recording and SC inactivation. Ipsi-lesional SC was inactivated. The neural activity was recorded from the ipsi-lesional SNc.**DOI:** [http://dx.doi.org/10.7554/eLife.24459.010](10.7554/eLife.24459.010)10.7554/eLife.24459.011Figure 4---figure supplement 1.Spike waveforms of a DA neuron during a daily session.Comparing the spike waveform of a presumed DA neuron (1) before (black), and (2) soon after muscimol injection (blue) and (3) at the end of recording (green). Averaged spike waveforms obtained from individual time periods indicated by the three dotted squares with corresponding colors on the top. The spike waveforms did not appear to significantly change through the recording session.**DOI:** [http://dx.doi.org/10.7554/eLife.24459.011](10.7554/eLife.24459.011)10.7554/eLife.24459.012Figure 4---figure supplement 2.firing rate of responses to SR-CS.These figures show firing rate of response to SR-CS before and after muscimol injection (**A**) and difference of firing rate between responses to LR-CS and to SR-CS during the SC inactivation (time windows: 100--300 ms from CS onset). In both cases, there are no significant difference (N = 5, p=0.608 (SR-CS), p=0.625 (SC inactivation), one sample t-test, α \<0.05).**DOI:** [http://dx.doi.org/10.7554/eLife.24459.012](10.7554/eLife.24459.012)

The responses of a typical DA neuron are illustrated in [Figure 4A and B](#fig4){ref-type="fig"}. Before collicular inactivation ([Figure 4A](#fig4){ref-type="fig"}) the DA responses to the task-related stimuli were similar to those observed in previous experiments (see above -- [Figure 3F and G](#fig3){ref-type="fig"}). After the injection of muscimol, when the relevant SC was inactivated, the robust response evoked by the FP was largely unaffected (compare [Figure 4A and B](#fig4){ref-type="fig"} (left-hand panels), [Figure 4C](#fig4){ref-type="fig"} left and 4D left, Wilcoxon test, not significantly different). After the muscimol injection the response of the recorded neuron to presentation of the LR-CS was retained for a short while (central panels [Figure 4B](#fig4){ref-type="fig"}). However, after a few trials the drug action became apparent, and the CS-evoked response was almost completely abolished (central panel [Figure 4B and C](#fig4){ref-type="fig"}). It is also significant that in these early trials, when the reward delivery was still predicted by visual input from the SC, reward presentation failed to evoke a phasic DA response. However, as the colliculus became fully inhibited, the now unpredicted presentation of the reward evoked a robust phasic response, which in this case was clearly dependent on the magnitude and timing of reward predicted by the CS. This pattern of response was consistent in all recorded neurons ([Figure 4D](#fig4){ref-type="fig"}). Also, for most of the recorded neurons, reward responses emerged as the inactivation progressed (right panels of [Figure 4B, C and D](#fig4){ref-type="fig"}). In SR trials, firing rate to CS was unaltered by the injection. During the SC inactivation, DA responses evoked by the CS were not significantly different between LR and SR trials ([Figure 4---figure supplement 2](#fig4s2){ref-type="fig"}). Together, these results confirm that, in the absence of V1, visual signals signifying CS onset, with the capacity to elicit a short latency phasic response in presumed DA neurons, are most likely to be relayed via the direct retino-tecto-nigral projection ([@bib5]; [@bib8]), although an indirect contribution, possibly involving the pedunculopontine nucleus cannot be ruled out at present ([@bib15]; [@bib47]); [@bib21]).

Discussion {#s3}
==========

In the present study, we investigated whether subcortical visual systems, in particular the midbrain superior colliculus (SC), can support behavioural Pavlovian conditioning, while at the same time evoke short latency phasic responses in ventral midbrain DA neurons. This was achieved by using monkeys with unilateral damage to the V1 that had been used previously to investigate the phenomenon of 'blindsight'. The purpose of using this preparation was to isolate the contribution of the SC that remained intact on the V1 disabled side. The main findings of the present study were, first, that after several days of training, presentation of a CS was equally capable of eliciting a robust conditioned response when it was presented either to the V1 lesion-affected visual field, or to the field served both by an intact visual cortex and the SC. This result demonstrated the capacity of residual subcortical visual pathways to elicit Pavlovian conditioned responses. Secondly, when identical CSs that predicted different amounts of primary reward (juice) were presented at different locations, either within the intact or lesion-affected visual fields, differential conditioned responses were elicited. This suggests that the subcortical neural mechanisms responsible for mediating the conditioned responses can discriminate CSs on the basis of spatial location. Thirdly, a critical involvement of the SC was established by showing that anticipatory conditioned responding reflecting reward expectation was disrupted when the critical locus representing the LR-CS within the spatial retinotopic map in the SC was locally inactivated with muscimol. Fourthly, parallel electrophysiological recording from putative DA neurons revealed that visual CSs presented to the lesion-affected visual field elicited patterns of phasic responses that have been widely reported by others. Specifically, the initial task-relevant fixation point evoked robust DA responses that were independent of subsequent CS value ([@bib4]; [@bib29]); the temporally unpredicted CSs evoked phasic DA responses that were dependent on the predictive value of the CS ([@bib59]; [@bib13]); while the predicted reward deliveries evoked only muted responses ([@bib53]). Finally, phasic DA responses evoked by CS were almost completely abolished when the CS representation in the colliculus was pharmacologically blocked. Thus, the SC was critically involved in the short-latency activation of DA neurons by visual CSs presented to the V1 lesion-affected visual field. Together these results show that visual cues presented to the lesion-affected field in monkeys with a unilateral V1 lesion can support behavioral Pavlovian conditioning, and elicit DA responses that reflect the reward predicted by the CS via an afferent projection route involving the midbrain SC.

Possible input pathways for reward prediction {#s3-1}
---------------------------------------------

Many studies have indicated that midbrain DA neurons causally contribute to reinforcement learning. For example, when reward expectation signals from DA neurons were impaired by D1 receptor blocker or when NMDA receptors were knocked out in DA receptor expressing neurons in various brain areas, conditioned response was impaired in many kinds of behavioral learning tasks ([@bib7]; [@bib14]; [@bib42], [@bib41]; [@bib45]; [@bib2]). Alternatively, when DA neurons or neurons expressing D1 receptors were activated by electrical or optogenetical stimulation, various forms of conditioned behaviour were induced ([@bib40]; [@bib1]; [@bib17]; [@bib56]; [@bib22]). Thus, such involvement of dopaminergic transmission or DA neuron activity in learning has been well studied, however, it remains unclear how DA neurons are able to signal the value or salience of unpredicted objects or events at short-latency.

It has been proposed that the early phasic responses of DA neurons have two separable components; an early non-selective sensory response that represents temporal salient-event prediction errors, and a second component that codes the object/event's reward value ([@bib18]; [@bib4]; [@bib54]). This view immediately provokes the question of what early afferent visual processing could allow the DA neurons to respond in this fashion to conditioned visual stimuli (the sensory modality that is most frequently used)? Following the onset of a visual CS response latencies in V1 are typically in the range 40--60 ms, while in the inferotemporal cortex where objects/events are identified they are slower in the range 80--100 ms ([@bib58]). Moreover, since there are no obvious direct connections to the ventral midbrain, the results of cortical visual processing are likely to be relayed via additional time consuming indirect routes. On the other hand, response latencies in the retino-recipient midbrain SC are significantly less (40--50 ms) and there is a direct tectonigral projection to substantia nigra pars compacta ([@bib5]; [@bib31]; [@bib30]). It is probable, therefore, that the earliest sensory component of the phasic DA response (70--150 ms) is mediated via subcortical visual processing involving the SC ([@bib5]; [@bib8]).

Two versions of the two-visual system hypothesis as an explanation for the bimodal characteristic of short latency phasic DA responses to visual CSs have been presented (Joshua et al., 2009; [@bib4]; [@bib54]; [@bib49]). The first is that the initial component of the phasic DA response is a non-selective salience signal that represents a temporal salient-event prediction error (Joshua et al 2009, [@bib4]; [@bib54]). The second phasic component is value-coded and takes longer to compute because the unexpected event needs to be identified before its value is known. Stimulus identification frequently requires stimulus detection, foveation and cortical analysis of geometric form, colour, texture, and apparent motion, in various permutations and combinations ([@bib39]). However, in the case of simple stimuli (for example, luminance change at different spatial locations) it is suggested that the non-selective salience and value components can merge to a near unimodal response that, in some cases, can be separated by sophisticated mathematical analysis ([@bib11]). This version suggests that for both subcortical salience and cortical stimulus identification the early sensory responses have to be relayed through an unspecified 'value-decoder' that communicates with DA neurons, thereby enabling them to report reward prediction errors ([@bib54]).

What is the likely location of the hypothesized 'value decoder'? Uchida and colleagues recently identified all the brain regions which project to DA neurons in rodents. They report afferent connections from the striatum, amygdala, subthalamic nucleus, pedunculopontine nucleus, rostromedial reticular nucleus, and GABAergic neurons in the substantia nigra pars reticulata ([@bib61]). Consequently, there are many possible locations that receive input from primary visual structures, compute stimulus value and communicate this to DA neurons in the ventral midbrain. These indirect routes of communication can offer a perfectly reasonable explanation for the value coding of the second delayed component of the early phasic DA response.

However, it is important to note that the earliest component (70--150 ms) of phasic DA response is not always best described as a value insensitive salience signal. Both the present results (where cortical visual processing is impaired), and earlier studies of Schultz and his colleagues involving intact monkeys ([@bib59]; [@bib13]) report that when CSs can be discriminated on the basis of luminance change at different locations (a subcortical collicular visual competence -- [@bib3]), the phasic DA response latencies are frequently around 100 ms (pre-gaze shift), unimodal and clearly code the predictive value of the CS. So how is it possible for unimodal phasic DA responses (for example, [Figure 1B](#fig1){ref-type="fig"} -- [@bib59]) to code value at such short latencies? Visual response latencies in intermediary structures identified above are too long (typically \>100 ms) to account for value coding of a unimodal phasic DA response that peaks at about 100 ms. A second, rather simpler version of two-visual system hypothesis can explain value-coding of both components of the early phasic DA response ([@bib49]). The proposal is that the predictive value of a visual CS may already be encoded in the early sensory response of both the cortical and subcortical early visual systems. For example, there are many papers that demonstrate that an association with, or an expectation of reward can dramatically influence the magnitude of the initial sensory response in early sensory areas throughout the brain ([@bib35]; [@bib55]; [@bib33]; [@bib23]), including the SC ([@bib16]). The most parsimonious explanation of how the earliest responses of DA neurons can be value-coded is, therefore, that they receive input from the SC that has been already value-coded through a classically conditioned process of sensory pre-tuning of the CS value in early sensory structures ([@bib16]).

Thus, in our study and those of others, stimuli are conditioned by Pavlovian association with different levels/probabilities of reward, prior to the recording of DA neurons ([@bib12]; [@bib59]; [@bib28]). The likely effect of this process would be to tune the initial sensory responses in early visual structures to reflect the reward predicted by the CS. According to this suggestion, if the object/event prediction error detected in early visual structures has been value-coded by prior Pavlovian association, the event prediction error would also be a reward prediction error. In the case of the SC, if a value-coded signal evoked by a CS was relayed to the DA neurons via the tectonigral projection ([@bib5]; [@bib8]; [@bib31]; [@bib30]), it would explain how DA neurons can signal reward prediction errors with latencies in the range 70--150 ms (present study and [@bib12]; [@bib59]). On the other hand, in the case of complex CSs that are presented at the same location, or randomly at different locations, the SC would certainly detect the luminance change associated with CS onset, ([@bib3]). However, because subcortical sensory processing cannot perform complex CS discriminations ([@bib3]), this onset response will not be value-coded, which might explain why, with complex CSs, the initial sensory component of the DA phasic response is a non-selective salient-event prediction error. A possible explanation of the second value-coded component of the phasic DA response could be that the cortical processing responsible for object/event identification is equally subject to Pavlovian pre-tuning ([@bib35]; [@bib55]; [@bib62]).

It is well known that there are two kinds of DA responses; one is sensitive to the value of future events, and the other is sensitive to their salience ([@bib27]; [@bib24]; [@bib32]). In the context of the present study, we are unable to tell whether our DA responses reflected value or salience, because we used only reward associated CSs. To confirm which kinds of DA responses are elicited thorogh the subcortical visual processing, we have to conduct another experiments using aversive stimuli. However, at least, we could demonstrate that DA neurons could differentiate either reward value or salience with the visual information mediated by the SC.

Materials and methods {#s4}
=====================

Subjects {#s4-1}
--------

Three adult Japanese monkeys (Macaca fuscata; all female, body weight 5--7 kg, monkey K, U and T) were used in this study. Details of the procedures for training and surgery of the monkeys have been described in previous reports ([@bib64]; [@bib19]). Briefly, under isoflurane anesthesia (1.0--1.5%), the monkeys were implanted with a holder with which the head was stabilized during the behavioural and electrophysiological experiments. The monkeys were allowed to recover for more than two weeks after surgery before pre-lesion training. All the experimental procedures were performed in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals and approved by the Committee for Animal Experiment at the National Institute of Natural Sciences.

Unilateral V1 lesion {#s4-2}
--------------------

The right V1 of monkey K and U, and left V1 of monkey T were surgically removed by aspiration under isoflurane anesthesia (1.0--1.5%) (see [@bib64]). The surgical operation was conducted before 46 months (monkey K), 44 months (monkey U), and six months (monkey T) from days when their training in this study was started. The opercular surface of the striate cortex and medial area in the Calcarine Sulcus was removed, while the ventrolateral part of the opercular surface, which encodes foveal vision (visual field for eccentricity 0 to 1.0°) remained intact ([Figure 1A](#fig1){ref-type="fig"}, [Figure 1--figure supplement 1A and B](#fig1s1){ref-type="fig"}).

Visually guided saccadic eye movement task {#s4-3}
------------------------------------------

Prior to the surgery, animals were trained on a visually guided saccadic eye movement task. Their ability to respond to visual stimuli was assessed both before and after the V1 lesion. A monitor (Diamondcrysta WIDE RDT272WX (BK), MITSUBISHI) was positioned 34.5 cm in front of the monkeys' face. A real-time experimental control system (Tempo for Windows, Reflective Computing; <http://reflectivecomputing.com/>) was used for stimulus presentation and data collection. In this task, fixation point (FP) initially appeared at the center of monitor screen. Monkeys were required to maintain fixation in a window centered on the FP (size, 2.5° radius) for 1.6--2.0 s. A second target visual stimulus (0.6°) was then presented randomly at one of five possible locations in the hemi-visual field for two monkeys (monkey U and T) and one of three possible locations in visual hemifield for one monkey (monkey K) ([Figure 1---figure supplement 1C](#fig1s1){ref-type="fig"}). When the target appeared, the FP was extinguished and monkeys were required to make a saccade to the peripheral visual target. A window surrounding the target was a circle with a radius of half the distance between each target location (radius = eccentricity × sin (direction angle between neighboring target positions) ⁄ 2). This arrangement prevented the targets to overlap with each other. Target luminance Michelson contrast was 0.87--0.94 (13.4--31.3 Weber contrast) on a background of 1.0 cd ⁄ m^2^. Reward was delivered if monkeys made a correct saccade to the target within 1 s after target presentation and maintaining fixation within the target window (3.2° radius) for 600 ms. Eye movements were measured with a video-based eye tracker (EYE-TRAC 6; Applied Science Laboratories, sampling rate: 240 Hz). All statistical analysis in this study were performed on Matlab (RRID:[SCR_001622](https://scicrunch.org/resolver/SCR_001622)).

Post-lesion assessment of visually-guided saccades {#s4-4}
--------------------------------------------------

Details of the methods for calculations to construct the deficit map in these animals have been described previously ([@bib64]). Luminance contrast of the targets was varied randomly trial-by-trial (0.02 to 0.9 as expressed in Michelson contrast (Weber contrast 0.04--18.0)). For this test, saccades landing in an area within a circle with a radius of half the distance between each target location (radius = eccentricity × sin(direction angle between neighboring target positions/2); 15° for monkey U and T, and 22.5° for monkey K) were counted as correct responses. The sensitivity of luminance contrast was defined as that representing the percentage of correct responses corresponding to the sensitivity value d' = 2 (threshold for luminance contrast) and deficit maps of individual monkeys were constructed with these values ([Figure 1---figure supplement 1C](#fig1s1){ref-type="fig"}). In general, the visual field disrupted by the lesion site extended from eccentricities about 5--20° in the monkeys used in this study. The luminance contrast and CS size were retained from previous studies that investigated visual responses of V1 neurons to stimuli presented in the natural blind spot. Our previous study also precluded the possibility of stray-light affecting the results in the present experimental environment by demonstrating the absence of a saccadic response to visual stimuli presented in the natural blind spot. The present Pavlovian conditioning experiments were initiated 46, 44 and 6 months after the V1 lesions in monkey K, U and T, respectively.

Pavlovian conditioning task {#s4-5}
---------------------------

The task sequence of the Pavlovian conditioning paradigm used in the present study is illustrated in [Figure 1b](#fig1){ref-type="fig"}. Conditioned stimuli (CS) (2.2° red square, luminance contrast: Michelson contrast 0.87 (Weber contrast 13.4) against the background of 1.0 cd ⁄ m^2^) were presented in either the upper (eccentricity: 10°, direction: 45° relative to the horizontal axis from the FP) or lower quadrant (eccentricity: 10°, direction: −45° relative to the horizontal axis from the central FP) of the lesion-affected or intact visual hemifield. Experiments involving CS presentation to either the lesion-affected or intact visual hemifield were conducted on separate days. At the beginning of each trial, a fixation point (FP) appeared at the center of monitor. After a 0.7 to 1.2 s fixation period, a CS predicting a large reward (LR-CS) or a CS predicting a small reward (SR-CS) was presented for 1.0 or 1.7 s. The two CSs were pseudo-randomly alternated within a daily session. Throughout the task, monkeys were required to maintain their gaze on the central FP to assure that CS presentation was either to the lesion-affected, or intact visual hemi-field. If fixation was broken, the trial was terminated immediately. The conditioned response (CR) in this task was the anticipatory licking elicited by the CS presentation that occurred prior to the juice delivery. The CR was measured by detecting electric contact between the monkey and the reward tube or by a photo-detector in experiments involving electrophysiological recording. A lick was recorded when the monkeys' tongue was observed to approach the reward spout. To quantify the conditioned response elicited by the visual CS, the number of licking responses detected during the cue presentation (0 to 1.3 s) was counted in 0.1 s time bins in 14--16 sessions for each hemifield of each monkey. The frequency of licking (licking rate) was compared to a baseline frequency during the 1 s period (−1 to 0 s) before the CS onset (one-tailed paired t test, significant level at p\<0.05).

Recording from DA neurons {#s4-6}
-------------------------

A principal aim of the study was to record from single DA neurons while the monkeys were engaged in the Pavlovian conditioning task. This was achieved using epoxylite-coated tungsten microelectrode (impedance: 9--10 MΩ at 1 kHz, FHC). Voltage recording were bandpass-filtered between 0.1 (or 0.3) and 10 kHz. Standard criteria were used for identification of putative DA neurons ([@bib60]). First, the location of SNc and the VTA were estimated from MR images taken in advance. After having isolated a single neuron in the appropriate region, we tested whether the presentation of an unpredicted reward would cause a response. Two criteria to confirm the likelihood that we were recording from a DA neuron; (1) it had a low baseline activity between 1.0--10.0 Hz ([@bib52]; [@bib28]); and (2) the neuron had a spike width, which was clearly longer than those of nearby neurons in the substantia nigra pars reticulata (SNr) that had rates of baseline firing in excess of 40 Hz ([@bib60]; [@bib29]).

Muscimol injections {#s4-7}
-------------------

To determine the role of the residual subcortical visual circuit in eliciting conditioned responses in the Pavlovian task and CS-evoked responses in DA neurons we conducted experiments in which the SC on the V1 lesion-affected side was inactivated. In a previous study with these subjects ([@bib19]) reported that the monkeys were unable to make saccades to parts of the visual field injected locally with the gamma aminobutyric acid A (GABA~A~) receptor agonist, muscimol. In our experiments we used additional single unit electrophysiology to locate the response field of the SC neurons responsive to the LR-CS. At these sites muscimol (0.5 μg in 0.5 μL) was pressure-injected (0.4 μL/min) using a 10 μL Hamilton syringe (Hamilton Company, Reno, Nevada, USA) mounted in a syringe pump. Conditioned response was measured both before and during inactivation of the SC.

In some experiments we recorded the activity of presumed DA neurons while the animals were performing the Pavlovian task. Then, the SC was injected with muscimol. After recording DA activity for about 60 CS presentations, muscimol was injected into the SC while recording from the same neuron was maintained. In some sessions, post-injection trials started immediately after the injection, while in others they started 10 to 20 min after the injection.

Histology {#s4-8}
---------

After all behavioural testing and electrophysiological recording had been completed with monkey K, two small electrolytic lesions were made in each recording track (20 mA, 30 s). The animal was then euthanized and coronal sections (40 µm) of tissue that included SNc were immunostained for tyrosine hydroxylase (TH) to reveal the location of DA neurons ([Figure 3D](#fig3){ref-type="fig"}). (RRID:[AB_390204](https://scicrunch.org/resolver/AB_390204) for the antibody)
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Thank you for submitting your article \"Emergence of value coded dopamine signals via the superior colliculus in blindsight monkeys\" for consideration by *eLife*. Your article has been favorably evaluated by David Van Essen (Senior Editor) and three reviewers, one of whom, Naoshige Uchida (Reviewer \#1), is a member of our Board of Reviewing Editors. The following individual involved in review of your submission has agreed to reveal their identity: Ethan Bromberg Martin (Reviewer \#3).

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

The mechanisms underlying the generation of dopamine responses remain to be clarified. This study examined the role of the superior colliculus (SC) in the generations of conditioned responses (CRs) (licking) as well as of the dopamine response evoked by conditioned stimuli (CS) in monkeys with V1 lesions (a model of blindsight). The authors first show that ([@bib1]) a reward-predictive CS elicited a similar level of CRs (licking) regardless of whether the stimulus was presented in the affected or unaffected visual field. ([@bib2]) Furthermore, CSs predicting a larger amount of reward (LR) elicited stronger licking behavior compared to that predicting small reward (SR). The authors then recorded the activity of putative dopamine neurons in the substantia nigra pars compacta (SNc), and showed that ([@bib3]) dopamine neurons exhibited phasic responses to the reward predictive CS presented in the affected visual field, which depended on the size of predicted reward. Finally, the authors demonstrate that ([@bib4]) inactivation of SC greatly reduced the dopamine responses to reward predictive CSs but not those to the presentation of a fixation point or reward.

All the reviewers thought that this study addresses an important question, and results are generally convincing. However, they found a number of interpretational issues, and had different levels of enthusiasm with regard to the depths of the study and the generality of the results due to the use of blindsight model monkeys. Nevertheless, all agreed that the data contain important information. The following essential points, however, need to be addressed by revising the text and by analyzing the existing data for this work to be published in *eLife*.

Essential points:

1\) Justification of blindsight should be done more carefully. That is, the effects of V1 lesions on behavior need to be explained in a greater detail. In [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}, the authors show some data measuring the visual sensitivity. The authors report the procedures in Materials and methods, and do not include these materials in the main text. It would be helpful if the authors summarize these results in the Results section in some depths and justify blindsights based on the data (as well as previous studies). Furthermore, please summarize the phenotypes of blind-sight model monkeys studied previously in Introduction, so that the readers can understand the nature of the monkey model of blindsight.

2\) It is unclear whether and what effects V1 lesions have had on dopamine responses. Have the authors recorded the activity of dopamine neurons while presenting the CSs in the unaffected visual field? If so, it would be very helpful to compare the dopamine responses to CSs presented in the affected and unaffected visual field. How do the responses compare when stimuli are presented to the two hemispheres?

3\) The results demonstrated the necessity of the SC in conditioned responses and dopamine responses, but did not prove that its involvement was via direct retino-tecto-nigral projection to dopamine neurons. Also, the results show that SC activity is necessary to construct a value signal in this task, but does not prove that SC activity itself signaled value or sent that signal to dopamine neurons. The authors should more explicitly discuss these alternative possibilities. For further details, please look at reviewer 3\'s comment \#1.

4\) [Figure 4](#fig4){ref-type="fig"} only shows the responses to CS/outcome for LR. But it is also important to show the responses to CS/outcome for SR because this will provide crucial information regarding whether discrimination between the two CSs is impaired, not just the response to any single CS.

5\) The authors refer to the cue-evoked responses as \'value-coded\' responses. Strictly speaking, however, the experimental design does not allow the authors to distinguish responses due to value versus salience, with salience defined by the absolute, unsigned value. To distinguish these possibilities, one has to test whether a cue that predicts an aversive event excites or inhibits a given neuron. The authors should discuss both of these possibilities. This issue is important because some evidence suggests that dopamine neurons in the lateral SNc or those projecting to the posterior striatum may predominantly signal salience (Matsumoto and Hikosaka, 2008; Lerner et al., 2016; Menegas et al., 2017).

On a related note, [Figure 3I](#fig3){ref-type="fig"} indicates the latency of the phasic response, as defined by an increase in the impulse rate by an amount greater than 2SD. This measure doesn\'t necessarily reflect the latency to value coding. Recent studies have highlighted the fact that phasic DA response is comprised of an early, non-value coding component that may reflect physical salience and novelty, and a later component that codes value (Fiorillo et al., 2013; Lak et al., 2016; Matsumoto and Hikosaka, 2009; Nomoto et al., 2010). It would be good to acknowledge this distinction, as it could be important to understand what information exactly is coded by the circuit. Moreover, for value coding, a better measure would be to determine the latency to differential responses. What is the earliest time point that authors see value differentiation? Does the V1 or SC lesion affect this latency?

6\) Subsection "Possible input pathways for reward expectation", last paragraph. Please do not use the term \"sensory pre-conditioning\', since it refers to a specific kind of training without reinforcement (Brogden, 1939), which isn\'t what the authors want to say here.

7\) There are many places where citations are inappropriate. Some were listed in the referees\' comments. Please correct citations throughout the manuscript.

8\) Time course of muscimol effects. As clearly stated in the text and clearly observable in [Figure 4](#fig4){ref-type="fig"}, the muscimol effects developed over time. Can the authors separate the slow onset of muscimol inactivation from a learning effect? Another possibility is that muscimol inactivation disrupted the perceived contingency between the CS and US, which in turn induced extinction. Do the authors know the time course of muscimol inactivation in the SC so that the time courses of the effect on SC neurons and dopamine neurons be directly compared?

Reviewer \#1:

This study examined the role of the superior colliculus (SC) in the generation of dopamine responses as well as monkeys\' behavioral response to reward-predictive cues. The authors used monkeys with V1 lesions, blind-sight model monkeys, to examine this, instead of normal monkeys. The authors first show that ([@bib1]) blind-sighted monkeys can still exhibit relatively normal anticipatory licking behavior in response to reward-predictive cues after training, that ([@bib2]) dopamine neurons in the substantia nigra pars compacta (SNc) are excited by reward-predictive cues. The authors also demonstrate that ([@bib3]) inactivation of SC reduced the conditioned response (anticipatory licking) as well as ([@bib4]) dopamine neurons\' response to reward-predictive cues.

The neural mechanism that generates dopamine responses during behavior remains to be clarified, and this study addresses this important question. I have some interpretational issues (see below). Furthermore, the use of blind-sight monkeys somewhat restricts the impact of this study. Nonetheless, the results are overall convincing. I believe that after revising the text, this study will be appropriate for publication in *eLife*.

1\) The authors refer to the cue-evoked responses as \'value-coded\' responses. Strictly speaking, however, the experimental design does not allow the authors to distinguish responses due to value versus salience, with salience defined by the absolute, unsigned value. To distinguish these possibilities, one has to test whether a cue that predicts an aversive event excites or inhibits a given neuron. I suggest that the authors discuss both of these possibilities. This issue is important because increasing evidence suggests that dopamine neurons in the lateral SNc may predominantly signal salience (Matsumoto and Hikosaka, 2008; Lerner et al., 2016; Menegas et al., 2017).

Reviewer \#2:

The current manuscript presents a fundamentally interesting and novel approach to study reward processing. The authors use a monkey model of \'blind-sight\' wherein the authors lesion V1, and then monkeys perform a reward prediction task. Visual cues were used as reward predictors (predicting large and small rewards) During behavioral measurement and neuronal recording, muscimol was injected into the SC. Muscimol inactivation affected behavioral and neuronal correlates of reward processing.

If this summary seems vague, it is because I have trouble understanding the implications of doing both V1 lesions and muscimol inactivation. Accordingly, despite my strong conviction that this study is fundamentally interesting, I have equally strong reservations about the methods and the results.

1\) My first major and overarching concern with this study is this: What was the effect of the V1 lesion as regards the results presented here? It is clear throughout the manuscript that muscimol injection into the SC affects dopamine reward processing, but it is not at all clear that the V1 lesion played any role. The lick response and saccade behavior seem normal ([Figure 1C, E, F](#fig1){ref-type="fig"}, [Figure 2B](#fig2){ref-type="fig"}). [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"} notes reduced contrast sensitivity, but the implications of this for reward processing are not clear. Am I missing something?

2\) It appears that during dopamine recordings, the stimuli were only presented on the V1 lesion affected side, is this true? The entirety of [Figure 3](#fig3){ref-type="fig"} seems to demonstrate that dopamine neuron responses reflect the larger and smaller value. This is such a well-known result, so I wonder why an entire figure is devoted to it? How do the responses compare when stimuli are presented to the two hemispheres? The entirety of [Figure 4](#fig4){ref-type="fig"} appears to show that muscimol injections into the SC abolish a large fraction of dopamine signaling. Would this also be true for reward-predicting stimuli presented to the intact hemisphere? Again, what is the role of the V1 lesion in this study?

3\) The dopamine response time course. [Figure 3I](#fig3){ref-type="fig"} indicates the latency of the phasic response, as defined by an increase in the impulse rate by an amount greater than 2SD. This measure doesn\'t necessarily reflect the latency to value coding. Recent studies have highlighted the fact that phasic DA response is comprised of an early, non-value coding component that may reflect physical salience and novelty, and a later component that codes value (Fiorillo et al., 2013; Lak et al., 2016; Matsumoto and Hikosaka, 2009; Nomoto et al., 2010). It would be good to acknowledge this distinction, as it could be important to understand what information exactly is coded by the circuit. Moreover, for value coding, a better measure would be to determine the latency to differential responses. What is the earliest time point that authors see value differentiation? Does the V1 lesion affect this latency?

4\) Time course of muscimol effects. As clearly stated in the text and clearly observable in [Figure 4](#fig4){ref-type="fig"}, the muscimol effects developed over time. Can you separate the slow onset of muscimol inactivation from a learning effect? Said in another way, could muscimol inactivation disrupt the perceived contingency between the CS and US, such that extinction occurs? Would this not also explain the results in [Figure 4](#fig4){ref-type="fig"}? Halorhodopsin has been successfully applied to the NHP colliculus (Cavanaugh et al., 2012), why not use a modern technique that allows for precise manipulation?

Reviewer \#3:

In this interesting paper, Takukawa and colleagues test several longstanding hypotheses about the routes through which sensory signals can be used to compute the \"reward prediction error\" signals that are encoded by dopamine neurons. They take advantage of their fascinating \'blindsight monkey\' preparation to show several novel results: ([@bib1]) animals can learn to predict rewards based on the location of a stimulus within the \'blind\', V1-lesioned hemifield, as assessed by anticipatory licking, ([@bib2]) DA neurons can do so as well, ([@bib3]) both these reward-related behaviors and DA responses require an intact representation of the visual stimulus in the SC.

This is a valuable study of the pathways that control midbrain DA responses. Not only is the demonstration of intact DA signals despite V1 lesion already valuable on its own, but the authors also went the extra mile to test the causal contribution of the SC in this process. This study is also valuable due to its relevance to the short-latency response component of DA neurons, which many studies tend to gloss over. The possible implication for reward processing in the absence of phenomenal awareness is also intriguing -- I wonder if it would be possible to do the behavioral experiment in blindsighted humans?

Overall, the motivation, experiments, and conclusions seem generally solid. I do have a few concerns about the interpretations that I suggest dialing back slightly, and a few suggestions about the analysis and presentation.

1\) \"These results indicate that the retino-tecto-nigral projections can relay reward-predicting visual information to DA neurons and integrity of the SC is necessary for visually-elicited classically conditioned responses after V1 lesion.\" \"Specifically, our results show that visual input to DA neurons from the SC can signal value coded sensory events.\"

These and related statements in the paper seem a bit too strong.

The authors showed a clear necessity for the SC, but did not prove that its involvement was via direct retino-tecto-nigral projection to DA neurons. It could be an indirect effect. The authors argue against an indirect effect in the Discussion, but as they note, this is not conclusive proof.

Also, this paper proves that SC activity is necessary to construct a value signal in this task, but does not prove that SC activity itself signaled value or sent that signal to DA neurons. For instance, the SC\'s role in contributing to DA signals could be to code the stimulus location, which is the value-relevant feature in this task. A different area would then read out that location information and use it to figure out the stimulus value.

At least some of the SC\'s contribution in this task seems likely to occur in this manner. The SC is well known to be important for visual attention. Suppose SC activity is required for the brain to properly process a visual stimulus. Inactivating the SC would interfere with licking behavior and value signals in DA neurons, but that could reflect a more general deficit, not value coding by the SC.

Finally, let\'s suppose that the SC does directly transmit value coded signals to DA neurons. I feel that the way the authors explain this concept may mislead some readers. The authors describe it in terms of the retino-tecto-nigral pathway, and with an emphasis on Pavlovian training. This makes it sound like the value signals emerge via slow, long-term plasticity at synapses in this pathway (retina-SC or SC-DA):

\"There are many papers that demonstrate that an association with, or an expectation of reward can dramatically influence the magnitude of the initial sensory response in primary sensory areas throughout the brain (Mogami and Tanaka, 2006; Serences and Saproo, 2010; Metzger et al., 2006; Leathers and Olson, 2012), including the SC (Ikeda et al., 2003). \[...\] The magnitude of such responses would then reflect the value of the predicted reward.\"

However, in my view value-related signals in the SC are more likely to emerge due to short-term changes in SC response gain caused by top-down modulatory inputs from other areas (e.g. spatial attention based on reward value). This seems more compatible with the Ikeda study cited here, since the rewarded location changed rapidly during that experiment, which the SC can adapt to in \< 3 trials (Isoda and Hikosaka, Journal of Neurophysiology 2008). If so, then despite the authors\' apparent emphasis on bottom-up retino-tecto-nigral transmission, the value signals are actually injected into this pathway by other (possibly cortical) brain areas that send a top-down modulatory signal to the SC to change its response gains at different parts of its visual map.

P.S. I suggest not using the term \"sensory pre-conditioning\", since it refers to a specific kind of training without reinforcement (Brogden, 1939), which isn\'t what the authors want to say here.

2\) [Figure 4](#fig4){ref-type="fig"} shows the responses to CS/outcome for LR, which look beautiful. But it is also important to show the responses to CS/outcome for SR, even though only the LR CS was presented in the inactivated part of the visual field. This is because the key point is whether discrimination between the two CSs is impaired, not just the response to any single CS. Indeed, this distinction was important in the analysis of behavior: while inactivation abolished one animal\'s licking to the LR CS, for the other animal it induced equal licking for both CSs. Also, if the authors do see a change in DA responses to the SR CS/outcome despite it being outside the inactivated field, that would be interesting!

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

Thank you for resubmitting your work entitled \"Emergence of value coded dopamine signals via the superior colliculus in V1 lesioned monkeys\" for further consideration at *eLife*. Your revised article has been favorably evaluated by David Van Essen (Senior Editor), a Reviewing Editor, and one reviewer.

The manuscript has been improved but there are some remaining issues that need to be addressed before acceptance, as outlined below:

Essential points:

1\) The authors still emphasize subjective awareness but this is not very well documented or backed up by data. It is also noted that the lesions might have been made a long time ago (\~10 years?). Given these problems, we would like the authors to further address these points. Do the monkeys recover any (conscious) visual abilities (It wouldn\'t need to be high acuity vision to complete this task)? Was the data in [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"} about contrast sensitivity recorded recently, or is it adapted from the 2008 paper? In addition to discussing possible recovery, the authors need to be much clearer (throughout the entire paper) about the limitations of this study in the absence of psychophysical tests.

2\) The same problem, regarding phenomenal awareness, is also important for the data in [Figure 4B, C](#fig4){ref-type="fig"} (right, reward response). This data demonstrate that the SC is necessary for visual reward prediction, but it appears impossible to know whether the muscimol inactivation of SC caused loss of phenomenal awareness, or whether the muscimol inactivation was done in the absence of phenomenal awareness and thus constitutes a neural mechanism for unconscious reward processing. The authors suggest the latter (end of subsection "Possible input pathways for reward prediction"), but it does not seem to be an appropriate conclusion (or suggestion) because the authors did not measure conscious awareness.

3\) Although the authors acknowledge that their paradigm cannot discriminate between salience and value, the title of the paper still reads as value-coding. Because the cues probably had very similar physical properties, and hence similar physical salience, this problem can be dealt with by more careful wording throughout. It appears to be confusing if the authors just add a disclaimer paragraph to the Discussion, and ignoring the disclaimer everywhere else. We suggest that the authors remove \"value-coded\" and then use more careful wording and make the manuscript consistent throughout the manuscript.

10.7554/eLife.24459.014

Author response

Essential points:

1\) Justification of blindsight should be done more carefully.

The purpose of our investigation was to test whether evolutionary archaic subcortical visual circuitry can support Pavlovian conditioning and can activate ventral midbrain dopamine neurons. To test this, it was necessary to have a preparation where the cortical visual system was disabled. This would permit us to ascribe residual visual competences to subcortical visual systems. The fact that this preparation in primates has also been associated with the phenomenon of 'blindsight' is not strictly relevant to the present study. The wording has been changed throughout the manuscript to make this point clear. That said, it was noted correctly by reviewer \#3 that our results do also extend the range of residual visual competences that can be ascribed to V1 lesioned primates, and will therefore also be of interest to the 'Blindsight' research community. Consequently we have kept the description of blindsight (subsection "Possible input pathways for reward prediction")

That is, the effects of V1 lesions on behavior need to be explained in a greater detail. In [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}, the authors show some data measuring the visual sensitivity.

"Blindsight" is not the main goal of this study. This was included simply to confirm the functional efficacy of the V1 lesion in much the same way as the results of structural MRI are included to confirm the lesion's location.

The authors report the procedures in Materials and methods, and do not include these materials in the main text. It would be helpful if the authors summarize these results in the Results section in some depths and justify blindsights based on the data (as well as previous studies). Furthermore, please summarize the phenotypes of blind-sight model monkeys studied previously in Introduction, so that the readers can understand the nature of the monkey model of blindsight.

We have added information about phenotypes of an animal model of blindsight to introduction and results. The text has now been modified to make it clear the animal model was used for the disabling of cortical visual processing, rather than the behavioural phenomenon of 'blindsight'. (Introduction, third paragraph; Results, first paragraph). We also changed the title, "Emergence of value coded dopamine signals via the superior colliculus in V1 lesioned monkeys".

2\) It is unclear whether and what effects V1 lesions have had on dopamine responses.

To establish the SC can relay visual information that can induce normal DA responses, we have compared the responses to CSs in intact (V1 + SC both functional) and in affected visual field (where only the SC is functional). We have added 2 figure panels: one is the earliest time points that value differentiation emerged between LR and SR trials, and the other compares firing rates between them.

Have the authors recorded the activity of dopamine neurons while presenting the CSs in the unaffected visual field? If so, it would be very helpful to compare the dopamine responses to CSs presented in the affected and unaffected visual field. How do the responses compare when stimuli are presented to the two hemispheres?

We have added information about DA responses to CSs presented into intact visual field. First, we have calculated the earliest time points that value differentiation between LR and SR trials can be detected ([Figure 3I](#fig3){ref-type="fig"}). Secondly, the firing rate of CS-evoked responses were compared ([Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}). Together these data show clearly that the V1 lesion did not strongly affect DA responses to visual CSs.

3\) The results demonstrated the necessity of the SC in conditioned responses and dopamine responses, but did not prove that its involvement was via direct retino-tecto-nigral projection to dopamine neurons.

The text has been modified accordingly (Abstract; Introduction, fourth and last paragraphs; subsection "Recording from DA neurons").

Also, the results show that SC activity is necessary to construct a value signal in this task, but does not prove that SC activity itself signaled value or sent that signal to dopamine neurons. The authors should more explicitly discuss these alternative possibilities. For further details, please look at reviewer 3\'s comment \#1.

Response: A detailed description of these points has now been made in the Discussion section of the manuscript (subsection "Possible input pathways for reward prediction").

4\) [Figure 4](#fig4){ref-type="fig"} only shows the responses to CS/outcome for LR. But it is also important to show the responses to CS/outcome for SR because this will provide crucial information regarding whether discrimination between the two CSs is impaired, not just the response to any single CS.

The responses to CS(SR) and SR have been calculated and now, the responses to both LR- and SR-CSs have been compared before and after muscimol injection ([Figure 4---figure supplement 2](#fig4s2){ref-type="fig"}). After muscimol injection, there was no significant difference between LR and SR trials. But because responses to SR-CS was not significantly different between before and after injection, we cannot determine whether CSs discrimination was impaired or not.

5\) The authors refer to the cue-evoked responses as \'value-coded\' responses. Strictly speaking, however, the experimental design does not allow the authors to distinguish responses due to value versus salience, with salience defined by the absolute, unsigned value. To distinguish these possibilities, one has to test whether a cue that predicts an aversive event excites or inhibits a given neuron. The authors should discuss both of these possibilities. This issue is important because some evidence suggests that dopamine neurons in the lateral SNc or those projecting to the posterior striatum may predominantly signal salience (Matsumoto and Hikosaka, 2008; Lerner et al., 2016; Menegas et al., 2017).

A paragraph on the difference between value and salience coding is included in the Discussion (subsection "Possible input pathways for reward prediction", seventh paragraph). In the context of the present study, we are unable to tell whether our DA responses reflected value or salience, but we could demonstrate that DA neurons could differentiate either reward value or salience.

On a related note, [Figure 3I](#fig3){ref-type="fig"} indicates the latency of the phasic response, as defined by an increase in the impulse rate by an amount greater than 2SD. This measure doesn\'t necessarily reflect the latency to value coding. Recent studies have highlighted the fact that phasic DA response is comprised of an early, non-value coding component that may reflect physical salience and novelty, and a later component that codes value (Fiorillo et al., 2013; Lak et al., 2016; Matsumoto and Hikosaka, 2009; Nomoto et al., 2010). It would be good to acknowledge this distinction, as it could be important to understand what information exactly is coded by the circuit. Moreover, for value coding, a better measure would be to determine the latency to differential responses. What is the earliest time point that authors see value differentiation? Does the V1 or SC lesion affect this latency?

A new panel has been added to [Figure 3 (I](#fig3){ref-type="fig"}) in which the requested data are presented.

6\) Subsection "Possible input pathways for reward expectation", last paragraph. Please do not use the term \"sensory pre-conditioning\', since it refers to a specific kind of training without reinforcement (Brogden, 1939), which isn\'t what the authors want to say here.

We removed the sentences including the term.

7\) There are many places where citations are inappropriate. Some were listed in the referees\' comments. Please correct citations throughout the manuscript.

The citations have been revised as requested by the reviewers.

8\) Time course of muscimol effects. As clearly stated in the text and clearly observable in [Figure 4](#fig4){ref-type="fig"}, the muscimol effects developed over time. Can the authors separate the slow onset of muscimol inactivation from a learning effect? Another possibility is that muscimol inactivation disrupted the perceived contingency between the CS and US, which in turn induced extinction. Do the authors know the time course of muscimol inactivation in the SC so that the time courses of the effect on SC neurons and dopamine neurons be directly compared?

It is hard to separate time courses of muscimol inactivation in the SC and of learning effect. Because we did not record activity in the SC and assessment of the effect of muscimol was performed at the end of each experiment. Furthermore, it is not clear what the animal would learn with the progressive onset of inhibition by muscimol in the SC. In our experimental paradigm the CS consistently predicts an upcoming reward....this does not change throughout the experimental session. What does change is that one monkey failed completely to respond behaviourally to the CS while the other monkey was no longer able to discriminate the location of CS presentation. In the case of the dopamine neurons -- both the individual and population averaged data show that when both the V1 and the SC were disabled there was no phasic response to CS onset. With both cortical and subcortical visual systems out of action this would be expected. Further evidence supporting this interpretation was the return of the phasic dopamine response to reward presentation, again in both individual and population data. In intact preparations, the response to reward is suppressed if a CS predicts it. The fact that in our experiments the response to reward returned after muscimol inactivation of the SC is indicative that the CS was not detected. Again we have tried to make this point clearer in the Discussion section.

Reviewer \#1:

\[...\] The neural mechanism that generates dopamine responses during behavior remains to be clarified, and this study addresses this important question. I have some interpretational issues (see below). Furthermore, the use of blind-sight monkeys somewhat restricts the impact of this study. Nonetheless, the results are overall convincing. I believe that after revising the text, this study will be appropriate for publication in eLife.

1\) The authors refer to the cue-evoked responses as \'value-coded\' responses. Strictly speaking, however, the experimental design does not allow the authors to distinguish responses due to value versus salience, with salience defined by the absolute, unsigned value. To distinguish these possibilities, one has to test whether a cue that predicts an aversive event excites or inhibits a given neuron. I suggest that the authors discuss both of these possibilities. This issue is important because increasing evidence suggests that dopamine neurons in the lateral SNc may predominantly signal salience (Matsumoto and Hikosaka, 2008; Lerner et al., 2016; Menegas et al., 2017).

A large section has been added to the Discussion that speaks to this point directly (subsection "Possible input pathways for reward prediction", seventh paragraph).

Reviewer \#2:

The current manuscript presents a fundamentally interesting and novel approach to study reward processing. The authors use a monkey model of \'blind-sight\' wherein the authors lesion V1, and then monkeys perform a reward prediction task. Visual cues were used as reward predictors (predicting large and small rewards) During behavioral measurement and neuronal recording, muscimol was injected into the SC. Muscimol inactivation affected behavioral and neuronal correlates of reward processing.

If this summary seems vague, it is because I have trouble understanding the implications of doing both V1 lesions and muscimol inactivation. Accordingly, despite my strong conviction that this study is fundamentally interesting, I have equally strong reservations about the methods and the results.

This comment is a further consequence of the misleading use of the term 'blindsight'-- apologies and hopefully now corrected.

1\) My first major and overarching concern with this study is this: What was the effect of the V1 lesion as regards the results presented here? It is clear throughout the manuscript that muscimol injection into the SC affects dopamine reward processing, but it is not at all clear that the V1 lesion played any role. The lick response and saccade behavior seem normal ([Figure 1C, E, F](#fig1){ref-type="fig"}, [Figure 2B](#fig2){ref-type="fig"}). [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"} notes reduced contrast sensitivity, but the implications of this for reward processing are not clear. Am I missing something?

We are sorry, this is a recurrence of the misleading -- our fault -- that it was important to perform the experiments in 'blindsight' subjects rather than subjects in which the cortical visual system had been disabled. The title and the text have been changed accordingly.

2\) It appears that during dopamine recordings, the stimuli were only presented on the V1 lesion affected side, is this true? The entirety of [Figure 3](#fig3){ref-type="fig"} seems to demonstrate that dopamine neuron responses reflect the larger and smaller value. This is such a well-known result, so I wonder why an entire figure is devoted to it? How do the responses compare when stimuli are presented to the two hemispheres? The entirety of [Figure 4](#fig4){ref-type="fig"} appears to show that muscimol injections into the SC abolish a large fraction of dopamine signaling. Would this also be true for reward-predicting stimuli presented to the intact hemisphere? Again, what is the role of the V1 lesion in this study?

We have added two figures in which DA responses to CSs in intact and lesion-affected visual field were compared ([Figure 3I](#fig3){ref-type="fig"} and [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}). But we did not conduct the experiments; muscimol injection into contralesional SC. This is interesting question that has been addressed in the future study.

3\) The dopamine response time course. [Figure 3I](#fig3){ref-type="fig"} indicates the latency of the phasic response, as defined by an increase in the impulse rate by an amount greater than 2SD. This measure doesn\'t necessarily reflect the latency to value coding. Recent studies have highlighted the fact that phasic DA response is comprised of an early, non-value coding component that may reflect physical salience and novelty.

This is only when value cannot be discriminated by sub-cortical systems at short latency).

And a later component that codes value (Fiorillo et al., 2013; Lak et al., 2016; Matsumoto and Hikosaka, 2009; Nomoto et al., 2010).

This is only true when complex stimuli are used.

It would be good to acknowledge this distinction, as it could be important to understand what information exactly is coded by the circuit. Moreover, for value coding, a better measure would be to determine the latency to differential responses. What is the earliest time point that authors see value differentiation? Does the V1 lesion affect this latency?

A significant part of the amended Discussion addresses this point.

In addition, we have reanalyzed DA responses to the LR- and SR-CSs, and have revise [Figure 3I](#fig3){ref-type="fig"} accordingly. The new data include the time period when there is significant difference (\>15ms) between response to LR-CS and SR-CS. However, the earliest time points that value differentiation became apparent were not much different when CS appeared in the lesion-affected or the intact visual field.

4\) Time course of muscimol effects. As clearly stated in the text and clearly observable in [Figure 4](#fig4){ref-type="fig"}, the muscimol effects developed over time. Can you separate the slow onset of muscimol inactivation from a learning effect? Said in another way, could muscimol inactivation disrupt the perceived contingency between the CS and US, such that extinction occurs?

The suggestion here is that muscimol is disrupting the contingency relationship between CS and UCS but requires that both be perceived. Given that on the lesioned side there is no visual cortex and an inactivated SC, what would be the neural substrate that would be able to detect the presence of the visual CS? Again this point has been addressed in the amended Discussion (subsection "Possible input pathways for reward prediction").

Reviewer \#3:

\[...\] This is a valuable study of the pathways that control midbrain DA responses. Not only is the demonstration of intact DA signals despite V1 lesion already valuable on its own, but the authors also went the extra mile to test the causal contribution of the SC in this process. This study is also valuable due to its relevance to the short-latency response component of DA neurons, which many studies tend to gloss over. The possible implication for reward processing in the absence of phenomenal awareness is also intriguing -- I wonder if it would be possible to do the behavioral experiment in blindsighted humans?

If possible, we would like to do this.

Overall, the motivation, experiments, and conclusions seem generally solid. I do have a few concerns about the interpretations that I suggest dialing back slightly, and a few suggestions about the analysis and presentation.

1\) \"These results indicate that the retino-tecto-nigral projections can relay reward-predicting visual information to DA neurons and integrity of the SC is necessary for visually-elicited classically conditioned responses after V1 lesion.\" \"Specifically, our results show that visual input to DA neurons from the SC can signal value coded sensory events.\"

These and related statements in the paper seem a bit too strong.

We have responded to this comment with significant alterations to the Discussion section -- i.e. we now present two interpretations of how sensory input from the SC could evoke value-coded responses in DA neurons.

The authors showed a clear necessity for the SC, but did not prove that its involvement was via direct retino-tecto-nigral projection to DA neurons. It could be an indirect effect. The authors argue against an indirect effect in the Discussion, but as they note, this is not conclusive proof.

We take this point and have amended the text accordingly (Abstract; Introduction, fourth and last paragraphs; subsection "Recording from DA neurons").

Also, this paper proves that SC activity is necessary to construct a value signal in this task, but does not prove that SC activity itself signaled value or sent that signal to DA neurons. For instance, the SC\'s role in contributing to DA signals could be to code the stimulus location, which is the value-relevant feature in this task. A different area would then read out that location information and use it to figure out the stimulus value.

This interpretation is now included in the discussion (subsection "Possible input pathways for reward prediction") as one of the possibilities for explaining value coding of DA responses.

At least some of the SC\'s contribution in this task seems likely to occur in this manner. The SC is well known to be important for visual attention.

Indeed it is, and that the direction of attention is powerfully influenced by stimulus value -- gaze shifts are made to the most valuable stimuli, which suggests that when this occurs value must be known before, not after the gaze shift.

Suppose SC activity is required for the brain to properly process a visual stimulus. Inactivating the SC would interfere with licking behavior and value signals in DA neurons, but that could reflect a more general deficit, not value coding by the SC.

This point is asking questions about exactly how the SC contributes to triggering conditioned responses and phasic DA responses. This is a very important issue and is part of our future programme of work in this area.

Finally, let\'s suppose that the SC does directly transmit value coded signals to DA neurons. I feel that the way the authors explain this concept may mislead some readers. The authors describe it in terms of the retino-tecto-nigral pathway, and with an emphasis on Pavlovian training. This makes it sound like the value signals emerge via slow, long-term plasticity at synapses in this pathway (retina-SC or SC-DA):

\"There are many papers that demonstrate that an association with, or an expectation of reward can dramatically influence the magnitude of the initial sensory response in primary sensory areas throughout the brain (Mogami and Tanaka, 2006; Serences and Saproo, 2010; Metzger et al., 2006; Leathers and Olson, 2012), including the SC (Ikeda et al., 2003). \[...\] The magnitude of such responses would then reflect the value of the predicted reward.\"

This is exactly the process we envisage as an explanation of how extensive Pavlovian pre-tuning according to value can influence the magnitude of initial sensory processing in primary sensory structures all over the brain....there are many references, mainly from the attentional literature, indicating that some form of long-term plasticity in primary sensory structures occurs when an arbitrary stimulus is associated with reward or punishment.

Quote from our paper: \"There are many papers that demonstrate that an association with, or an expectation of reward can dramatically influence the magnitude of the initial sensory response in primary sensory areas throughout the brain (Mogami and Tanaka, 2006; Serences and Saproo, 2010; Metzger et al., 2006; Leathers and Olson, 2012), including the SC (Ikeda et al., 2003). \[...\] After training it is likely that CSs presented at different locations within the visual field would elicit differential responses in tectonigral neurons. The magnitude of such responses would then reflect the value of the predicted reward.\"

However, in my view value-related signals in the SC are more likely to emerge due to short-term changes in SC response gain caused by top-down modulatory inputs from other areas (e.g. spatial attention based on reward value). This seems more compatible with the Ikeda study cited here, since the rewarded location changed rapidly during that experiment, which the SC can adapt to in \< 3 trials (Isoda and Hikosaka, Journal of Neurophysiology 2008).

This is certainly true for the Ikeda study....there it is very clear that top-down specification of whether the monkey is in a rewarded vs. non-rewarded trial influences the magnitude of the initial sensory response in the SC. However, we are proposing a different process whereby prior Pavlovian association with reward is quite sufficient to modify the initial sensory response in early sensory areas including the SC -- to reiterate, there is abundant evidence in the attention literature indicating Pavlovian sensory pre-tuning happens.

If so, then despite the authors\' apparent emphasis on bottom-up retino-tecto-nigral transmission, the value signals are actually injected into this pathway by other (possibly cortical) brain areas that send a top-down modulatory signal to the SC to change its response gains at different parts of its visual map.

Given the short latency of the value-coded latency in the DA neurons and the longer latencies of cortical sensory processing or potential value coding of sensory information from the SC, we think this suggestion is unlikely. Indeed, the new data we have included in [Figure 3I](#fig3){ref-type="fig"} shows that the earliest time points that value differentiation occurred was not different between responses to CSs in intact and in lesion-affected visual fields.

P.S. I suggest not using the term \"sensory pre-conditioning\", since it refers to a specific kind of training without reinforcement (Brogden, 1939), which isn\'t what the authors want to say here.

We removed the sentences including the term.

2\) [Figure 4](#fig4){ref-type="fig"} shows the responses to CS/outcome for LR, which look beautiful. But it is also important to show the responses to CS/outcome for SR, even though only the LR CS was presented in the inactivated part of the visual field. This is because the key point is whether discrimination between the two CSs is impaired, not just the response to any single CS. Indeed, this distinction was important in the analysis of behavior: while inactivation abolished one animal\'s licking to the LR CS, for the other animal it induced equal licking for both CSs. Also, if the authors do see a change in DA responses to the SR CS/outcome despite it being outside the inactivated field, that would be interesting!

We have calculated the averaged response to SR-CS and firing rate in each DA neuron before and after the injection ([Figure 4---figure supplement 2](#fig4s2){ref-type="fig"}). However, presumably because of the contrast effect with the LR-CS, responses to SR-CS were small, and the magnitude of responses was not different before and after the muscimol injection.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

Essential points:

1\) The authors still emphasize subjective awareness but this is not very well documented or backed up by data. It is also noted that the lesions might have been made a long time ago (\~10 years?).

We added the time from surgery of the V1 lesion to the experiments in this study. They were conducted 46 months (monkey K), 44 months (monkey U), and 6 months (monkey T) before the experiments (start of subsection "V1 lesion"; subsection "Subjects").

Given these problems, we would like the authors to further address these points. Do the monkeys recover any (conscious) visual abilities (It wouldn\'t need to be high acuity vision to complete this task)? Was the data in [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"} about contrast sensitivity recorded recently, or is it adapted from the 2008 paper? In addition to discussing possible recovery, the authors need to be much clearer (throughout the entire paper) about the limitations of this study in the absence of psychophysical tests.

We assessed their visual ability ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}) at the starting point of the present experiments. We added this information to the revised manuscript (subsection "V1 lesion"). All the monkeys in this study were different from monkeys in Yoshida et al. in 2008, and we referred only the method part of the paper in 2008. We made this point clearer in the revised manuscript. In our previous paper (Yoshida and Isa, Sci Rep 2015), we assessed visual awareness of the V1 lesioned monkeys using signal detection theory, however, we did not test it on the monkeys in this study and it is not the main issue of this paper. Therefore, we removed the whole descriptions on the visual awareness from this paper (the last paragraph in Discussion).

2\) The same problem, regarding phenomenal awareness, is also important for the data in [Figure 4B, C](#fig4){ref-type="fig"} (right, reward response). This data demonstrate that the SC is necessary for visual reward prediction, but it appears impossible to know whether the muscimol inactivation of SC caused loss of phenomenal awareness, or whether the muscimol inactivation was done in the absence of phenomenal awareness and thus constitutes a neural mechanism for unconscious reward processing. The authors suggest the latter (end of subsection "Possible input pathways for reward prediction"), but it does not seem to be an appropriate conclusion (or suggestion) because the authors did not measure conscious awareness.

It is true that we did not assess the visual awareness after inactivation of the SC. As described above, we removed the description on the visual awareness from this paper.

3\) Although the authors acknowledge that their paradigm cannot discriminate between salience and value, the title of the paper still reads as value-coding. Because the cues probably had very similar physical properties, and hence similar physical salience, this problem can be dealt with by more careful wording throughout. It appears to be confusing if the authors just add a disclaimer paragraph to the Discussion, and ignoring the disclaimer everywhere else. We suggest that the authors remove \"value-coded\" and then use more careful wording and make the manuscript consistent throughout the manuscript.

We changed the word 'value-coded signal' to 'visually-evoked reward expectation signal' in the title, and to similar words in other parts of the text. (But if the words are reference from the previous literature, and were not directly relevant to the present experimental results, we kept them.)

In addition, we made small changes to the text to make the manuscript concise and correct typos.
